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THE FLOW OF AIR THROUGH CIRCULAR ORIFICES 
IN THIN PLATES 


I. IntTRODUCTION 


1. Purpose —The purpose of this investigation was to verify and 
to extend the range of existing data on the flow of air through square- 
edged circular orifices in thin plates. 

This investigation was a continuation of a research conducted by 
che Engineering Experiment Station of the University of Illinois on the 
flow of air through orifices. The results of the investigation of the 
flow of air through circular orifices with rounded approach have been 
published in Bulletin No. 207.* The “weighing tank” method, de- 
scribed in Bulletin No. 207, was used in determining the weight of air 
flowing through the orifices. 

Coefficients of discharge have been based on Durley’s equations 
for the flow of air through circular orifices in thin plates.¢ Coefficients 
of discharge were determined for the orifices for inlet pressures up to 
10 inches of water when placed in a Durley box, and for inlet pres- 
sures up to 35 inches of water and also up to 35 inches of mercury 
when placed in the orifice tank. 


2. Scope-—Atmospheric air was compressed and stored in the 
weighing tank. Any accumulation of oil or moisture in the weighing 
tank was drained out before starting the discharge of air through the 
orifices. No other attempt was made to remove moisture or control 
the humidity. 

No attempt was made to control the temperature. It varied slightly 
from room temperature. 

The pressures on the inlet side of the orifices were varied from 1 in. 
of water to 35 in. of mercury. 

Circular orifices in thin plates were used. The nominal diameters 
varied from 1% in. to 2% in. 

The air was discharged into the atmosphere, 

(a) from a tank 24 in. in diameter, consequently with no appre- 

ciable velocity of approach, with inlet pressures ranging from 
1 in. of water to 35 in. of mercury; and 


*“The Flow of Air Through Circular Orifices with Rounded Approach,” Univ. of Ill. Eng. 


Exp. Ba Bul. 207. 
t‘R. J. Durley, “On the Measurement of Air Flowing into the Atmosphere Through Circu- 


lar Orifices in Thin Plates and Under Small Differences of Pressure,’’ Transactions, “A.S.M.E. 
Vol. 27, 
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(b) from a duplicate of the Durley box 10 in. by 10 in. in cross- | 
section, with inlet pressures ranging from 1 in. to 10 in. of § 
water. 


3. Acknowledgments.—This investigation was conducted under the } 
auspices of the Engineering Experiment Station of the University of } 
Illinois, of which Dean M. S. Kercuum is the director, and in the De- 3 
partment of Mechanical Engineering, of which Pror. A. C. WILLARD | 
is the head. The writers wish to acknowledge the interest shown and = 


suggestions given by A. P. Krarz, Research Professor in Mechanical § 


Engineering. C. G. Brapiey, Laboratory Mechanician, assisted in { 
reading and recording the data. 


II. Eeuations or FLow 


4. Durley’s Equation—Durley’s equation was based upon the hy- 
draulic equation for the flow of fluids, 


u = (29h) (1) 
This equation, modified to give the weight, W, discharged per square 
foot of orifice per minute, becomes 


60u 60(2g X 5.1916 7V)% 


V V 
64.4 X 5.1916 27] 
vfsp 


V 


(2) 


where u = velocity of air, ft. per sec. (assumed uniform over cross- 
section of the orifice) 
g = acceleration of gravity, 32.2 ft. per sec. per sec. 
h = total differential head, ft. of air (h = 5.1916 iV) 
7 = total differential head, in. of water 
V = specific volume of the air, cu. ft. per lb. (assumed constant 
during passage through the orifice) 
5.1916 = a constant converting inches of water at 60 deg. F. to lb. 
per sq. ft. (Wt. of 1 cu. in. water = 0.0360528 Ib.) 


From the equation for a perfect gas, 
PV = BT 
03.34 T 
V= 
P. 


Fe FS in 
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‘where T — temperature of the air, deg. F. abs. (assumed constant 


during passage through the orifice) 
P = average pressure of the air, lb. per sq. ft. abs. 
53.34 = a constant for air. 


Substituting for V in Equation (2) 


64.4 X 5.1916 iP 
W = 60 |_| 
53.34 7 


150.21 =) 3 
ee le. (3) 


For an orifice of diameter d inches, the discharge in pounds per minute 
will be 


0.7854 iP) 
We= x @ X 150.21 =| 
144 gh 
iP 4 
= 0.8193 ad? =| (4) 


If the discharge takes place into the atmosphere under standard con- 


ditions,* the pressure P is 2116.3 lb. per sq. ft., and 


Ca he 


W = 37.6907 d? B (5) 


For standard temperature (where 7 — 520 deg. abs.) 
W = 1.6528 ad? 2% lb. per min. (6) 


If the effect of compressibility is neglected, the coefficient of dis- 
charge for Equation (5) may be used up to the point of critical pres- 
sure. The critical pressure occurs in an orifice when the pressure in 
the throat or the vena contracta, P, is approximately 0.53 of the pres- 
sure, P,, on the inlet side of the orifice, that is, as the inlet pressure P, 


pon: oN : ; 
is increased, the ratio — decreases until the value 0.53 is reached, 


Bb 
when this ratio remains constant with further increase of the inlet 


pressure. If air is discharged into the atmosphere (where the barome- 
ter is approximately 30 in. mercury), the critical pressure is reached 
when the pressure on the inlet side of the orifice is about 27 lb. per 
sq. in. abs., or about 25 in. mercury above the atmospheric pressure. 


*Air under standard conditions is taken to be at a pressure of 29,92 in. mercury at 32 deg. 
F. (2116.3 lb. per sq. ft.) and a temperature of 60 deg. F. 


8 ILLINOIS ENGINEERING EXPERIMENT STATION 


If the atmospheric pressure is not 30 in. mercury, then Equation 
(4) should be used, and the existing barometric pressure P in lb. per. 
sq. ft. be substituted. 

If the differential head is measured in j inches of mercury, Equa- 
tion (3) becomes 

W E ~1O0.D3 eK 9X =|’ 


53.34 x T 


(7) 


Under conditions of standard atmospheric pressure (2116.3 lb. per 
sq. ft.) 

ay 

W = 138.921 @ =| (8) 

i 
where W is in lb. per min. and 70.53 is the constant for converting 
in. of mercury at 60 deg. F. to lb. per sq. ft. (wt. of 1 cu. in. of mercury 
= 0.489789 lb.). 

For standard temperature (7 = 520 deg. F. abs.), 


W = 6.0921 d? 7% (9) 


When the pressure P, on the inlet side of the orifice is above the 
critical pressure then the flow depends upon the initial pressure, and 
the pressure P at the vena contracta remains theoretically 0.53 P,. 


Using the pressures in lb. per sq. in., Equation (7) may be written in 
the form, 


W= 60] 
53.34 X T 


Substituting 0.53 P, for P,, the discharge will be 


64.4 (P: — P,) 144 & P2 X =) 


Ths 
W = 4788.2 ma lb. per min. per sq. ft. of orifice area (10) 


If the diameter of an orifice is d inches, the discharge in pounds per 
minute will be 


P 
W = 25.8431 @ a (11) 


Equations (5) and (8) were used as a basis for determining a coeffi- 


cient of discharge C when the pressure ratio Be was above critical 
al 


(greater than 0.53), that is, when the pressure on the inlet side of the 
orifice was less than 27 Ib. per sq. in. abs. When this ratio was below 


BK ic 
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To — ii 


a LOI, HH 
Fic. 1. ARRANGEMENT OF Copper TuBING CoNNECTORS 

the critical (less than 0.53), that is, when the pressure on the inlet 

side of the orifice was more than 27 lb. per sq. in. abs., Equation (11) 

was used as the basis for determining the coefficient C. 


Discharge Live 


Cogoer Th ie mae 


Weighiig Tarrk 


5. Comparison with Fliegner’s Equation—Fliegner’s equation for 
the flow of air through an orifice when the initial pressure P, is below 
the critical value is 


63.6 X 0.7854 d? [ (Pi: — Pe) P2]¥ ; 
= [| Ib. per min. 
144 Le 


(12) 


where the symbols have the same meaning as before. Equation (12) 
is of the same form as Equation (3). 

By substituting 2116.3 for P, and 5.1916 2 for (P, — P,), and 520 
for T, Equation (12) reduces to 


W = 1.59449 d? 7% lb. per min. (13) 


A comparison of Equations (6) and (13) shows a discrepancy between 
Fliegner’s equation and that used by Durley of 3.5 per cent. 


Ill. Test APPARATUS 


6. General Description—The apparatus used in this investigation 
has been described in detail in Bulletin No. 207. There were but two 
changes made for the tests under discussion. Changes in the labora- 
tory made it necessary to move the discharge line, so that the copper 
tubing connectors were taken from a manifold at the center of the 
weighing tank as shown in Fig. 1. This change did not influence the 
accuracy of the tests nor modify the actual test results for any par- 
ticular orifice. Also in the light beam arrangements (shown in Fig. 3, 


10 ILLINOIS ENGINEERING EXPERIMENT STATION 


WHE 
70. 
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Approximate Actual ‘ aoe 
Seaton A pees A 5 pene Description 
ip 0.4999 0.4990-C Old 
i 0.5126 0.5126-C Reground 
EH 0.7520 0.7520-C New 
1 1.0308 1.0308-C Reground 
144 1.2510 1.2510-C New 
1% 1.5015 1.5015-C Old 
114 1.5150 1.5150-C Reground 
13% 1.7500 1.7500-C Reground 
2 2.0000 2.0000-C New 
214% 2.4985 2.4985-C Old 


Fic. 2. DIMENSIONS OF ORIFICES 


Bulletin No. 207) the leverages of the mirror attachment were altered 
to give a magnification of 375 times the movement of the scale beam. 
For these tests the sensitiveness was therefore increased so that a 
change in tare weight of 4% lb. on the scale platform changed the 
point of rest of the indicating light on the illuminated scale 33 inches 
as compared to 8 inches for the previous work. 


7. Orifices and Orifice Tank.—The orifices were bored in saw-steel 
plates 0.057 in. thick, and ground to obtain a sharp square edge. The 
table in Fig. 2 gives the dimensions and description of the orifices. 


ORGS 
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Fic. 4. Leakace Curve ror WrIGHING TANK 


Each orifice plate was placed in a cast-iron holder so that the inner 
surface was smooth and flush with the inside of the head of the orifice 
tank. The orifice tank used in these tests was the same as described 
in Bulletin No. 207. It is made of steel with cast-iron heads and is 
24 in. in diameter by 6 ft. long. The orifice plates were held in place 
against rubber gaskets by means of finger clamps. 


8. Durley Orifice Box—The Durley orifice box is shown in detail 
in Fig. 3. It was made of 1-in. pine with inner dimensions 10 in. by 
10 in. in cross-section and 6 ft. long, an exact duplicate of Durley’s 
original orifice box. 


IV. Meruop or Conpucting TrEsts 


9. Method and Corrections—In conducting the tests, the same 
precautions were observed and corrections made as described in Bulle- 
tin No. 207 in order to obtain an accuracy of one-half of one per cent 
for all observed data. 

Leakage from the weighing tank, orifice tank, and Durley box was 
determined, and the correction curves are shown in Figs. 4, 5, and 6, 
respectively. 

The correction resulting from the change in weight of air contained 
in the discharge pipes and tubes between the weighing tank and con- 
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Fig. 5. Leakace Curve ror Oririce TANK 


Air Leakage 1? 1. 04 177102 


Kressure jt? liches of Water 


Fig. 6. Leakage Curve ror Durtey Box 


trol valves, due to the decrease in pressure during a test, is shown in 
Fig. 7. 

Standardized weights were used to measure the weight of air dis- 
charged in the same manner as described in Bulletin No. 207. 

When the rate of discharge became greater than 35 lb. per min., 
it was difficult, especially at the lower pressures in the weighing tank, 
to maintain a constant pressure in the orifice tank. Tests were, there- 
fore, run at rates not greater than about 35 lb. per min. 

Standard conditions were defined as a barometric pressure of 29.921 
in. of mercury at 32 deg. F. and a temperature of 60 deg. F. Correc- 
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Fic. 7. Correction Curve ror Pressure Drop in DiscHarce LIne 


tion was made for the difference in density of the manometer liquids 
at the room temperature of a particular test and 60 deg. F. This cor- 
rection was small, the greatest correction affecting the flow being about 
two-tenths of one per cent. 


V. CALCULATIONS 
10. Standard Conditions—In calculating the weight of air dis- 
charged the leakage and pressure drop corrections were considered, 
and this corrected weight was reduced to the standard conditions of 
29.921 in. of mercury and 60 deg. F. 


The coefficient of discharge was then determined as shown in the 
following section. 


11. Sample Calculations.*—Writing Equations (5), (8), and 
(11) for standard conditions: 


W’ = 37.6907 @| — |” (14) 
Gp 
al 
, iV 
W’ = 138.921 & Eat (15) 
1 
dw’ =2 fees 


*All sample calculations are made for the 1-in. orifice, diameter = 1.0308 in. 


BRA 
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where W’ =the discharge in lb. of air per min. as computed under 
standard conditions 
d = diameter of orifice, in. 
7 =the differential pressure, in. of water at standard condi- 
tions 
j =the differential pressure, in. of mercury at standard con- 
ditions 
T’, = absolute temperature of the air entering the orifice under 
standard conditions, 520 deg. F. abs. 
P’, = pressure of air on inlet side of orifice, lb. per sq. in. abs. 
referred to standard barometric pressure of 29.921 in. 
mercury = 14.696 lb. per sq. in. 


At 15 in. water, by Equation (14), 
15% 
W = 37.6907. x (1.0303)? x Fa 
= 6.8018 lb. per min. 
At 15 in. mercury, by Equation (15), 


157% 
W = 138.921 x (1.0308)? x E 
25.0704 Ib. per min. 


l| 


At 30 in. mercury, by Equation (16), 
14.696 + (30 X 0.489789) 
(520) 


Ww’ 


25.8431 X< (1.0308)? x 
= 35.3910 lb. per min. 


The weight of air discharged from the weighing tank through the ori- 
fice under standard conditions, in lb. per min., is 


m 
M’ = r- me (17) 


where m —air discharged (corrected for leakage, etc.) in lb. during 
time, ¢ 
t — duration of test in minutes 
c = correction factor to reduce to standard conditions. 
When the pressure on the inlet side of the orifice is less than the 
critical, Equation (3) or (7) should be used, and 


i P’7|% 
a | i os if (18) 
We Se IE! 
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When the pressure on the inlet side of the orifice is more than the 
critical, Equation (10) is used, and 


iA i it 
c= —l=] (19) 
Pied 
where 7’, = observed temperature on inlet side of orifice, deg. F. abs. 
T’, = standard temperature, 520 deg. F. abs. 
P’ =standard barometric pressure, 29.921 in. mercury 
P observed corrected barometric pressure, in. mercury 


P’, = pressure on inlet side of orifice, referred to standard baro- 
metric pressure of 29.921 in. mercury, lb. per sq. in. abs. 
P, observed pressure on inlet side of orifice, lb. per sq. in. 


abs. 

0.491174 — constant transforming inches of mercury at 32 deg. F. to 
lb. per sq. in. 

0.489789 = constant transforming inches of mercury at 60 deg. F. to 
Ib. per sq. in. 


For observation No. 9 for 1-in. orifice, Table 1 (inlet pressure below 

the critical pressure), 

m == 20.00 — leakage + pressure drop correction. 

Leakage = sum of orifice tank leakage at 15 in. water and weighing 
tank leakage at the average pressure for the test multiplied 
by duration of test in minutes. Leakage (from curves in 
Figs. 4 and 5) = 0.002130 lb. 

Pressure drop correction = 0.231 lb. (from Fig. 7) * 


m = 20.00 — 0.00213 + 0.213 = 20.22887 lb. 
t = 5.0966 min. 
From Equation (18) 
[= xX 29.921 
C= 
520 X 29.08 
From Equation (17) 
20.22887 
= —W— X 1.02502 = 4.0683 lb. per min. 
5.0966 
For observation No. 15 for 1-in. orifice, Table 2 (inlet pressure above 
the critical pressure) , 


100.00 — 0.006692 + 1.125 = 101.1183 lb. 
4.0316 min. 


v4 
| = 1.02502 


uw 


m 
t 


*A few tests were made before the final arrange i 1 
i gement of the discharge line. In some cases 
the pressure drop correction and the tank leakage aie smaller than in the majority of the tests. 
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From Equation (19) 
29.921 X 0.491174 + 30 X 0.489789 Ee 
29,29 x 0.491174 + 30 x 0.489789 L 520 


ee 
| = 1.02393 


From Equation (17) 
101.1183 


M* = ————. X 1.02393: =" 25.6812 lb. per min. 
4.0316 


The coefficient for Durley’s equation is 


M" (Experimental Results) 
Mt! (From Durley’s Equation) 


For observations Nos. 9 and 10 for 1-in. orifice, Table 1, 


4.06508 
C= = 0.59764 
6.8018 


VI. Discussion or REsuLts 


12. Results with Orifices in Orifice Tank—The necessary data and 
calculated results for the tests with orifices placed in the orifice tank 
are given in Table 1 for inlet pressures in inches of water, the inlet 
pressures ranging from one inch to 35 inches. Similar data and re- 
sults for inlet pressures in inches of mercury are given in Table 2, the 
inlet pressures ranging from one inch to 35 inches of mercury. 

The 2-in. orifice was the largest that could be used with an inlet 
pressure of 35 inches of water. The maximum inlet pressure for the 
2%-in. orifice was 25 inches of water. The 114-1in. orifice was the 
largest that could be used with an inlet pressure of 35 inches of mer- 
cury. The tests on the 114-in. orifice could not be carried beyond 15 
inches of mercury inlet pressure. At the higher inlet pressures and 
larger diameters the rate of flow became too great to maintain constant 
inlet pressure in the orifice tank, and, due to the limited weight of 
air that could be stored in the weighing tank, the elapsed time, or 
time of test, became very short. 

The results have been calculated in pounds of air discharged per 
minute and cubic feet of air per minute at 60 deg. F. and 29.921 in. 
mercury. Curves giving the discharge in pounds of air per minute have 
been plotted. Figure 8 gives the results for inlet pressures in inches 
of water and Fig. 9 for inlet pressures in inches of mercury. 

In 1906, R. J. Durley reported the results of his investigation 
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“On the Measurement of Air Flowing into the Atmosphere Through 
Circular Orifices in Thin Plates and Under Small Differences of Pres- 
sure.”* Due to the very careful manner in which Durley conducted 
his work, the results have been widely used in engineering practice. It 
was the purpose of the authors to increase the pressure range of this 
method of measuring air. The coefficients of discharge have been com- 
puted on the basis of Durley’s formula on the assumption that it was 
applicable up to the critical pressure, that is, for inlet pressures up 


*A.S.M.E. Transactions, Vol, 27, 1906. 
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to 27 in. mercury gage. For inlet pressures above the critical rates, 
or more than 27 in. mercury gage, the coefficients have been based on 
the assumption that the pressure in the jet at the vena contracta was 
equal to 0.53 P, as given in Equation (11). 

The values of the coefficients for inlet pressures in inches of water 
and also for inlet pressures in inches of mercury are given in Table 6. 

The coefficients for inlet pressures in inches of water have been 
plotted in Fig. 11, and for inlet pressures in inches of mercury in 
Fig. 12. It will be observed that the coefficients of discharge increase 
with increasing inlet pressures up to the critical pressure corresponding 
to an inlet pressure of 27 inches of mercury when discharging into the 
atmosphere. The coefficients are based on Durley’s equations for inlet 
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pressures up to the critical pressure. Above the critical pressure the 
coefficients are based on Equation (11). This will explain the change 
in slope of the coefficient line above the critical pressures. 

The coefficients below the critical pressure are shown as straight 
lines and are practically parallel for all the various sizes of orifices 
that were tested. In this respect the results differ quite materially 
from those found by Durley. 

Since the orifice tank and the way in which the inside face of the 
orifice was placed in these tests differed considerably from Durley’s 


orifice box, it was decided to place the same orifices in a box made 
exactly like Durley’s original box. 


13. Results with Orifices in Durley Boxr—The results of the tests 
of the orifices when placed in the Durley box are given in Table 3 for 
inlet pressure in inches of water up to 10 inches. The discharge curves 
are given in Fig. 10. The coefficients are given in Table 7. The coeffi- 
cients have been plotted in Fig. 13, and are shown in full lines. The 
coefficients obtained by Durley have been plotted in broken lines. It 
will be observed that the coefficients as determined in the present tests 
in the Durley box have the same straight-line, upward-sloping char- 
acteristics as the coefficients determined by the tests of the orifices 
when placed in the orifice tank. Actually there is a slight difference, 
although small. Durley definitely limited his range of inlet pressure 
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to 5 inches of water. The difference between Durley’s coefficients and 
those of the present tests for inlet pressures of 5 inches of water and 


_ below is very small and may be due to experimental variations. Even 


though the coefficients show a decided difference in slope, nevertheless, 
if Durley’s coefficients are not used beyond the range of his experi- 
ments, the error will be quite small. But for inlet pressures higher 
than 5 inches of water the error would be considerable if the value of 
the coefficient were determined by proportion or extrapolation, par- 
ticularly for the smaller orifices. The difference in coefficients for 
orifices of 114, 2, and 2% inches would be quite small for the lower 
inlet pressures in inches of water, but would be considerable for the 
higher pressures in inches of mercury. 

In the present tests orifices larger than 24% inches were not used; 
therefore no comparison can be made for the 3-in. and 4-in. orifices. 
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14. Effect of Usage on Discharge Coefficient —A square-edged 
orifice should have a sharp 90-deg. angle at the inlet edge. In making 
orifices of this kind care must be taken to turn or grind the orifices to 
the proper diameter. If the orifice plate is hardened saw-steel the 
diameter must be finished by internal grinding. Upon examination of 
the 90-deg. edge it will be found to have a number of fine chips or 
burrs adhering to it. These must be removed or they will seriously 
interfere with the flow. Even with extreme care the 90-deg. edge will 
be found rough and uneven when examined under a magnifying glass. 
The proper degree of finish is difficult to specify and to duplicate. In 
the course of these tests two orifices, one % in. and one 1% in., were 
used that had been in previous service in the laboratory. The results 
of these tests are given in Table 4, for inlet pressures in inches of 
water. The coefficients for these two orifices (marked “old orifices”) 
are given in Table 6. The coefficients were found to be considerably 
higher than was expected by comparison with other orifices of nearly 
the same diameter. An inspection of the entrance edges showed that 
they were not in as good condition as those of the new orifices. Con- 
sequently the old 4%4-in. and 144-in. orifices were reground and retested. 
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TABLE 7 


COEFFICIENTS OF DISCHARGE FOR VARIOUS DIAMETERS 
or OriFIces IN DurtEY Box 


Approximate Inlet Pressure, in. of water 
Diameter of 
Orifice 
in. 1 3 5 10 

0.60570 0.60514 0.60665 0.60752 
0.60294 0.60283 0.60348 0.60358 
0.59748 0.59835 0.59771 0.59943, 
0.60277 0.60084 0.60079 0.60121 
0.60258 0.60019 0.60044 0.60325 
0.59969 0.59978 0.60228 0.60186 
0.60169 0.60215 0.60274 0.60471 
0.60829 0.60875 0.60924 0.60970 
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The results were then comparable with those obtained from the other 
orifices. The coefficients for these orifices before and after regrinding 
are shown in Fig. 14. 

This discussion regarding the condition of the entrance edge of 
sharp-edged orifices is given in order to emphasize the importance of 
making the edge as square as possible. It is desirable that means be 
developed for producing a standard 90-deg. sharp edge so that it will 
be possible to make orifices that are actually duplicates. 
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VII. Conc.Lusions 


15. Summary of Conclusions—The following conclusions can be 
drawn from this investigation: 

(1) The coefficients of discharge through square-edged orifices in 
thin plates increase in value with an increase in inlet pressure up to 
the critical pressure, when the coefficient is based on Durley’s equa- 
tions; that is, the coefficient is the ratio of the weight of air actually 
discharged to the weight that would be discharged when computed by 
Durley’s equation. 

(2) The plotted values of the coefficients for orifices of various 
diameters show that all have the same general slope, increasing with 
increased inlet pressure. Within the range of orifice diameters and 
pressures used in these tests, all coefficients might be represented by a 
single line such that its values would be within one per cent of the 
values actually found. For work in which a tolerance of one per cent 
is permissible this arrangement would simplify the calculations. 

(3) The difference in the slope of the coefficient curves given by 
Durley and of those found in these tests may be due to the different 
methods used in determining the weight of air discharged. For the 
range of pressures used by Durley the difference is quite small. 

(4) Square-edged orifices should be very carefully used and pre- 
served. Very slight injury to the entrance edge may cause a change 
in the coefficient of from 2 to 3 per cent, which may not be detected 
until the orifice is recalibrated. 
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